The spectra of vibrationally excited n f Rydberg states of nitric oxide were recorded by monitoring the photoion current produced using two-photon double resonance excitation via the NO A 2 ⌺ ϩ state followed by photoexcitation of the Rydberg state that undergoes autoionization. The optical transition intensities from NO A state to n f Rydberg states were calculated, and the results agree closely with experiment. These results combined with circular dichroism measurements allow us to assign rotational quantum numbers to the n f Rydberg states even in a spectrum of relatively low resolution. We report the positions of these n f (,N,N c ) Rydberg levels converging to the NO X 1 ⌺ ϩ ϩ ϭ1 and 2 ionization limits where N is the total angular momentum excluding electron and nuclear spin and N c represents the rotational quantum number of the ion core. Our two-color optical-optical double resonance measurements cover the range of N from 15 to 28, N c from 14 to 29, and the principal quantum number n from 9 to 21. The electrostatic interaction between the Rydberg electron and the ion core is used to account for the rotational fine structure and a corresponding model is used to fit the energy levels to obtain the quadrupole moment and polarizability of the NO ϩ core. Comparison with a multichannel quantum defect theory fit to the same data confirms that the model we use for the electrostatic interaction between the n f Rydberg electron and the ion core of NO well describes the rotational fine structure.
I. INTRODUCTION
The n f Rydberg states of the NO molecule are generally considered to be a hydrogenlike system owing to the weak interaction between the outer Rydberg electron and the NO ϩ ion core. In this state the outer electron occupies a hydrogenic orbital with high principal quantum number n while the NO ϩ ion core is described as a 1 ⌺ ϩ electronic state with a vibrational quantum number and a rotational quantum number N c . The total angular momentum of the n f Rydberg state is denoted by N ͑where electron and nuclear spins are ignored͒. The f Rydberg electron can seldom penetrate into the ion core because of its high centrifugal potential barrier.
Since Jungen and Miescher 1 published the structure of 4,5f Rydberg states in 1969, the n f Rydberg spectra have been studied extensively. [2] [3] [4] [5] [6] [7] Various spectroscopic techniques were employed in these experiments to access different Rydberg states and to measure the positions and widths of these states and to determine their transition intensities. Among them, the optical-optical double resonance 2 ͑OODR͒ multiphoton ionization ͑MPI͒ method offers the opportunity to study a large number of n f Rydberg states. Using this method, data for the n f Rydberg states of different N c , , and n have gradually accumulated. In theoretical studies, Jungen and Miescher 1 developed a model based on the multipole interaction between the ion core and the Rydberg electron with large orbital angular momentum to explain the structure of the f Rydberg states. Eyler and Pipkin 8 improved the form of the multipole interaction model, in which the ion-core rotation is also treated quantum mechanically. Biernacki et al. 4 successfully used this model to fit the positions of the n f Rydberg states observed with a high-resolution cw laser.
Some researchers have also studied the dynamics of the vibrational autoionization form the n f Rydberg states. [6] [7] [8] [9] [10] [11] [12] [13] The most important experiments in this aspect were done by Park et al. 11, 12, 14 They used rotationally resolved photoelectron spectroscopy to observe the final products of the autoionization from the ns (ϭ1,N,N c ) (N c is called N R ϩ in
Refs. 11, 12, and 14͒, np (ϭ1,N,N c ), and n f (ϭ1,N c ) Rydberg states. Their experiments demonstrated that the orbital angular momentum does not remain invariant during the autoionization process. 15, 16 In order to obtain rotational resolution, Park et al. excited the ion core to high rotational levels, i.e., N c Ͼ19, whose spectra are rarely studied. They assigned the n f Rydberg states based on single-channel quantum defect theory and did multichannel quantum detect theory ͑MQDT͒ analysis only on a few particular states. Moreover, their laser resolution was not sufficiently high to resolve the rotational fine structure ͑energy level splittings caused by N c -l coupling, i.e., N͒ of the n f (,N c ) Rydberg states. Hence, their photoelectron spectra were unable to determine how an individual n f (,N,N c ) Rydberg level decays.
The present work explores the OODR-MPI spectra of the NO n f ϭ1 and 2 Rydberg states with high ion-core rotational quantum numbers (14ϽN c Ͻ29). We refined the method to calculate the line intensities to n f Rydberg levels.
Aided with circular dichroism measurements, 17 we determined the relative intensities of the transitions to the n f (,N,N c ) Rydberg levels excited by OODR via the NO A state. These intensity measurements permit us to assign unambiguously the n f (,N,N c ) Rydberg levels. Using these assignments, the energy levels are fit to the multipoleinteraction model, 8 from which we obtain values of the quadrupole moment and polarizability of the NO ϩ ion. For comparison purposes, we also fit the energy levels using multichannel quantum defect theory and the quantum defects are obtained. Both fits are able to reproduce the energy levels of n f Rydberg states we observed. In this manner we are able to explain completely the n f Rydberg spectra obtained by OODR-MPI. Even though the laser's resolution is not adequate to resolve fully the rotational fine structure, our double resonance excitation geometry can reveal the specific nature of different n f Rydberg levels. This information gives us the opportunity to discover the vibrational autoionization decay dynamics of individual NO n f Rydberg levels.
II. EXPERIMENT

A. Recording two-color optical-optical double resonance ionization spectra
The experiment apparatus ͑shown in Fig. 1͒ is similar to that used by Park et al. 11, 12 NO gas is injected into the source chamber through a heated pulsed nozzle ͑General Valve͒, which is backed with ϳ1 atmosphere of 99% pure NO ͑Matheson CP͒. After being collimated by a skimmer ͑with a 0.3 mm pinhole, Beam Dynamics͒ between the source chamber and the main chamber, NO molecules enter the main chamber where they are ionized. The opening of the nozzle is synchronized with the firing of the laser sources. The open duration can be adjusted to optimize the amount of NO gas in the chamber. Because the experiment described here involves high rotational states, the pulsed nozzle is heated and maintained at a temperature of 75°C to avoid supersonic cooling of the NO. The pressure in the main chamber is 7ϫ10
Ϫ8 torr when the nozzle is off and less than 2ϫ10
Ϫ7 torr when it is on.
The vibrationally autoionizing n f ͑ϭ1 or 2͒ Rydberg states are accessed by two-color double resonance excitation of NO via the A 2 ⌺ ϩ ͑ϭ1 or 2͒ state. The excitation scheme has been described elsewhere in detail. 2, 4, 12 The pump laser excites NO from rotational levels in the ground state, NO X 2 ⌸ (Љϭ0,JЉ), to selected rotational levels in the first excited state, NO A 2 ⌺ ϩ ͑Јϭ1 or 2, JЈ, NЈϭJЈϩ1/2). The wavelength is around 214 nm for the ͑1,0͒ band, which is generated by a beta barium borate ͑BBO͒ crystal that doubles the frequency output from a tunable dye laser ͑PDL-3͒ using Excalite 428. For the ͑2,0͒ band, the wavelength is around 204 nm, generated by two BBO crystals that triple the frequency output of the same dye laser using SR610. The probe laser excites the NO from a selected rotational level in the A state to a Rydberg state. Because the NO A state potential energy curve is similar in shape to that of the Rydberg states, the Franck-Condon principle limits this transition to be ⌬ϭ0. The wavelength of the probe laser ranges from 343 nm to 326 nm and is generated by a potassium dihydrogen phosphate ͑KDP͒ crystal that doubles the frequency output of another tunable dye laser ͑PDL-1͒ that uses a dye mixture of DCM and LDS698. The PDL-3 and PDL-1 dye lasers are pumped by DCR-3 and DCR-1A Nd:͑yttrium aluminum garnet͒ YAG lasers, respectively. Both Nd:YAG lasers fire at a repetition rate of 10 Hz and are synchronized so that the probe laser is delayed ϳ10 ns relative to the pump laser. Two counterpropagating laser beams are coaxially introduced into the main chamber and are perpendicular to the NO molecular beam. The ionization spectra are obtained by scanning the wavelength of the probe laser while setting the pump laser at specific R 21 (JЉ) transitions of the NO A-X ͑1,0͒ or ͑2,0͒ bands. Both laser beams are linearly polarized and have parallel polarizations when spectra are being recorded. In order to ensure reliable energy measurements, the wavelength of the probe laser is calibrated by using etalon fringe patterns and comparing them with positions of three xenon excitedstate lines. 18 The wavelength of the pump laser is not calibrated because we do not use this wavelength to calculate the energy levels of the A state. Instead, we calculated these energies from reliable spectroscopic parameters given in the literature. 19 The NO ϩ ions produced by the autoionization of NO Rydberg states are collected by a channeltron ion detector ͑Galileo 4839͒, which is held at a voltage Ϫ1700 V relative to the grounded walls of the chambers. The ion signal in the channeltron is sent to a digital oscilloscope ͑Tektronix TDS 620͒, where a resident program measures the intensity and then sends the value to a computer for further analysis. The electric field strength at the ionization point introduced by the channeltron is determined by simulation to be less than 10 V/cm. This field strength is insufficient to perturb by a measurable amount the resonance energies of the Rydberg states we studied.
B. Assignment of P, Q, and R branches from circular dichroism measurements
Circular dichroism ͑CD͒ is used to distinguish members of the P, Q, and R branches in the probe step. We choose the two laser beams to have ''parallel'' polarizations. By this we mean that for linear polarizations both electric vectors are parallel to each other and for circular polarizations the propagation directions of both laser beams are parallel. For this choice we can make an incoherent summation over the magnetic sublevels of the lower state, that is, coherence effects can be ignored. Then for the case of optical-optical double resonance ionization, the intensity of the ion signal can be written as an angular part multiplied by a constant C,
where double-primed, primed, and unprimed variables are the quantum numbers of the ground, intermediate, and final state respectively. ⌬J 1 and ⌬J 2 are the changes of the angular momentum quantum number in the pump and probe steps, respectively. They have values of Ϫ1, 0, and 1, which corresponds to P, Q, and R branch, respectively. In Eq. ͑1͒ 1 and 2 are the photon's quantum numbers related to their polarizations. In the CD experiment, we set both pump and probe lasers to be circularly polarized. They either have the same helicity ͑SH͒ or have opposite helicity ͑OH͒. We measure the ion signal intensity for the lasers with the same helicity and for the lasers with opposite helicity and record the intensity ratio I OH /I SH . The pump step is always an R branch. Therefore for P, Q, and R branches in the probe step, respectively, the ratio I OH /I SH , predicted by calculations are P branch:
ͩӍ 1 7 for J in this workͪ , Q branch:
R branch:
In our experiment the total angular momentum of the Rydberg states J ranges from 15.5 to 27.5 in the experiment. Hence, the high-J limit is appropriate. Examination of Eq. ͑2͒ shows that the P, Q, and R branches can be easily distinguished by looking for peaks that either grow or shrink by a factor of 6, or remain the same. This conclusion obtains for pure branches and for pure polarization states of the laser beams. For blends between different branches or for impure polarization states or for both, these ratios are reduced, as discussed below. Both pump and probe lasers are originally linearly polarized. In the pump step for the NO A-X(2,0) band, a quarter wave plate ͑Optics for Research͒ at 204 nm is used to convert linear polarization into circular polarization. For the NO A-X(1,0) band, a variable wave plate ͑New Focus 5540͒ is carefully adjusted to perform as a quarter wave plate at 214 nm. In the probe step, another New Focus 5540 is used as a wavelength-tunable quarter wave plate over a range of nearly 15 nm. New Focus 5540 works well as a quarter wave plate in the wavelength range of the probe laser, but not so well at 214 nm. There is always residual ellipticity in the pump laser at 214 nm, which causes the measured growing or shrinking factor to be reduced from 6 to 4.5 for pure P or R branches. Nonetheless, the factor of 4.5 is sufficient to distinguish pure P, Q, and R branch transitions although it is not qualified for quantitative evaluation as discussed later. But for the pump laser at 204 nm, the quarter wave plate produces very good circular polarization. As a result, we obtained the factor of 6 for pure P and R branches in the spectra terminating on the ϭ2 vibrational manifold of the n f Rydberg states.
III. THEORY AND CALCULATIONS
A. Relative intensities of transitions to nf Rydberg states
The n f Rydberg states are reached by two-step excitation, i.e., from NO ground state to the A state and then from the A state to the Rydberg states. We first consider the transition probabilities in the second step. Both NO A 2 ⌺ ϩ and n f Rydberg states are well described by an outer electron coupled with an ion core in a 1 ⌺ ϩ electronic state. In both cases, N and l are good quantum numbers. 20 The difference between them is that the A 2 ⌺ ϩ state follows Hund's case ͑b͒ whereas n f Rydberg state follows Hund's case ͑d͒ coupling. In Hund's case ͑b͒, and ⌳, the projections of l and N onto the internuclear axis, respectively, are good quantum numbers whereas in Hund's case ͑d͒, N c is the good quantum besides l and N. In 1983, Cheung et al. 2 calculated transition probabilities for the NO n f -A 2 ⌺ ϩ band system in their experiment. Their calculation was based on the assumption that the A 2 ⌺ ϩ state ͑which consists mainly of 3s character͒ possesses a small amount of d character, which makes the n f -A 2 ⌺ ϩ transition not equal to zero. Their calculational process was to evaluate the electronic dipole moment matrix elements using a Hund's case ͑a͒ basis set first and then transform them into case ͑b͒ and then into case ͑d͒. But in fact it is unnecessary to calculate the electronic dipole moment in a case ͑a͒ basis set because the transition does not flip the spin of the electron and no states in Hund's case ͑a͒ are involved. Therefore we directly calculate the electronic dipole moment operator matrix between Hund's case ͑b͒ basis-set wave functions first and then transform it into Hund's case ͑d͒.
The wave function of the NO A 2 ⌺ ϩ state, if we consider d character, can be written as
where ͉⌺ ϩ ͘ is the vibronic wave function of the NO ϩ ion core. In Eq. ͑3͒ M is the magnetic quantum number associated with N. The superscript ϩ sign on d indicates that the wave function is unchanged upon reflection in a plane containing the internuclear axis. The wave function of NO n f Rydberg state is not an eigenfunction of Hund's case ͑b͒. If expanded in a Hund's case ͑b͒ basis set, it has the form ͉n f
where ͗n f 
where the dipole operator z in lab frame is transformed into molecular frame first. 21 Hence, the electronic dipole moment between an n f Rydberg level in Hund's case ͑d͒ and an A state in Hund's case ͑b͒ can be obtained by combining Eqs. ͑4a͒ and ͑5͒.
The relative line intensity of a transition from a level in the A state to the Rydberg level in the OODR spectra is also dependent on the first step, i.e., the excitation from the NO ground state to the A state by the pump laser. Here, we only consider a common excitation geometry: the pump laser is linearly polarized and the polarization is parallel to that of the probe laser. In this case, the line intensity to an n f Rydberg level takes the form
where M Ј M Ј NЈ is the density matrix of A 2 ⌺ ϩ state. Assuming that the molecules are unpolarized in their ground states, the
which is the approximation of a more complicated form 22 when NЈ is large compared to unity. In Eq. ͑7͒ ⌬JϭϪ1, 0, or ϩ1 if the A state is prepared via P-, Q-, or R-branch transitions, respectively. What we measure in our experiment is the ion yield, which not only depends on the population of the Rydberg level but also on the competition between autoionization and other decay ways such as predissociation that is not included in our relative line intensity calculation. We discuss this issue in more detail in Sec. III.
B. Circular dichroism study on branch ratios
Consider the case that a blended line occurs in an OODR spectrum excited by two linear polarized lasers of parallel polarization. This blend includes either three transitions belonging to the P, Q, and R branches, or two transitions belonging to different branches. Then the CD method can, in the first case, estimate the branch ratio of the strongest transition among the three, and in the second case, give the branch ratios of those two transitions. Recall that the OODR spectra were taken via consecutive excitations by two lasers with parallel and linear polarizations. If we assume I R , I P , and I Q are the ion intensity of the R-, P-, and Q-branch transitions ͑again, the pump step is always by means of an R branch͒ excited by two lasers with parallel and linear polarizations, we have the following relations: P and R branches overlapped:
I P I R Ϸ 1.5Ϫ0.25r 1.5rϪ0.22 , P and Q branches overlapped:
R and Q branches overlapped:
where r is the value of the I OH /I SH ratio. The numbers appearing in Eq. ͑8͒ are calculated at Jϭ19.5 which is a good approximation for J in the range from 16.5 through 27.5 in our experiment. Using this relationship, we can draw curves of I OH /I SH and I SH /I OH versus the relative distributions at different P, Q, and R branches combinations ͑shown in Fig.  2͒ . These curves can be used to resolve blended lines into the ratio of different branch transitions that contributed to the overlap.
C. Multipole interactions
The rotational fine structure of the NO n f Rydberg states, as Jungen et al.
1,23 pointed out, is caused by the quadrupole and polarization interactions between the Rydberg electron and the ion core. Eyler and Pipkin 8 developed a quantum mechanical treatment for multipole interactions between the Rydberg electron and the ion core. Actually, similar interactions between the nuclei and the electrons has been well known for a long time. 24 Under Eyler and Pipkin's treatment, the first-order energy correction arising from the quadrupole interaction can be written as
where Q zz is the zz component of the quadrupole momentum tensor of the NO ϩ ion and a 0 is the Bohr radius. In the literature, Q zz is frequently given in atomic unit. To convert the energy from atomic units to cm Ϫ1 , we set eϭa 0 ϭ1, and multiply Eq. ͑9͒ by a quantity equal to two times the Rydberg constant. Similarly, the first-order energy correction for the polarization interaction is
where ␣ 0 is the isotropic part and ␥ is the anisotropic part of the polarizability.
Clearly the energy corrections arising from quadrupole and polarization interactions are dependent on the n, l, N c , and N quantum numbers. Therefore, for lϭ3 in our case, each rotational level N c splits into seven sublevels of N. Among them, the energy of NϭN c ϩ3 is very close to the energy of NϭN c Ϫ3. Such near degeneracy also exists for the NϭN c Ϯ2 and NϭN c Ϯ1 levels. Comparing Eq. ͑9͒ with Eq. ͑10͒ more carefully, we can find that the coefficient associated with Q zz and the coefficient associated with ␥ have exactly the same dependence on N and N c . Considering that in our case, nу9 and l is a constant ͑ϭ3͒, the two coefficients also have similar dependences on n and l. Therefore, in our experiment Q zz and ␥ are indistinguishable. More seriously, in Eqs. ͑9͒ and ͑10͒ the value of C is nearly a constant if N c and N have the same relationship ͑i.e., N c ϪN is constant͒ no matter how N c varies from 14 to 23 ͑in ϭ2 spectra͒ or from 17 to 29 ͑in ϭ1 spectra͒. Considering the near degeneracy we mentioned above, Q zz and ␣ 0 are strongly correlated for the levels having the same value of ͉N c ϪN͉. Therefore, in order to have a meaningful fit, the experimental data points should be taken evenly among the seven sublevels.
We also fit the energy levels using MQDT. In the MQDT, a number called the quantum defect is used to represent the phase shift imparted to the hydrogenlike wave function. In principle, the quantum defect is the integrated result of all perturbations between the Rydberg electron and the nonhydrogenic ion core. Therefore, by comparing the MQDT fit with the multipole interaction fit, we can examine whether perturbations other than the quadrupole and polarization interactions play significant roles. The full description of MQDT applied to the NO Rydberg states can be found in the literature. 18, 25, 26 As many researchers 1,12,26,27 have pointed out, there is no l mixing in n f Rydberg states. Hence, it is adequate to consider only seven eigenchannels f ϩ , f Ϯ , f ␦ Ϯ , and f Ϯ in the fitting procedure.
IV. RESULTS AND DISCUSSION
A. OODR-MPI spectra
We recorded ϭ1 spectra terminating in the ϭ1 vibrational manifold of n f Figure 3 presents examples of ϭ1 and ϭ2 spectra. The assignments in the spectra are given by single channel quantum defect theory. 12 The n f Rydberg series associated to N c ϭNЈϪ2, N c ϭNЈ, and N c ϭNЈϩ2 are found in all spectra. Although allowed by selection rules, 13 n f Rydberg series associated to N c ϭNЈϮ4 are not found except one level 9 f ͑ϭ2, N c ϭ20, Nϭ17) of them ͑belonging to the N c ϭNЈϮ2 and NЈ series, and corresponding to P-, Q-, and R-branch transitions͒ can be accessed by our excitation scheme. Our laser source is unable to resolve most of the N sublevels. Therefore the n f Rydberg state we observed is what we call a ''collection'' of the three N sublevels associated with the same N c value. The linewidth of an individual n f Rydberg level should be no more than 1 cm Ϫ1 because the linewidths of the collections are all less than 1 cm Ϫ1 , which is twice that of the linewidth of the probe laser. This observation indicates that the lifetime of an n f Rydberg state is much longer than that of an np Rydberg state, which has a high probability to predissociate.
3,13,16
B. Circular dichroism study and line intensity
We studied nearly all n f Rydberg ensembles in the ϭ1 and ϭ2 vibrational manifolds that we could access. Figure  4 presents three of them. Figure 4͑a͒ shows the spectrum connecting to the 9 f ͑ϭ2, N c ϭ19) Rydberg ensemble, where N c ϭNЈϩ2. The arrows under the spectrum locate the energy levels of the Nϭ16, 17, and 18 sublevels, which are simulated by multipole interaction fitting. The bars indicate the calculated line intensities. The corresponding CD spectra are shown in Fig. 4͑d͒ . Clearly the unresolved spectrum in Fig. 4͑a͒ becomes partially resolved in Fig. 4͑d͒ : the left peak in the CD spectra is Nϭ16, a P-branch transition, which is favored when the two exciting laser beams have the same helicity. The right peak in the CD spectra is either N ϭ17 or Nϭ18 or both. The overall ensemble performs like a P branch with I SH /I OH ratio equal to 4.1, which, according to Fig. 2 , means that the P-branch transition (Nϭ16 level͒ contributes 91%-93% to the overall peak in Fig. 4͑a͒ and N ϭ17 and 18 together only contribute 7%-9%. The calculated branch ratios, as presented in Fig. 4͑a͒ , are Nϭ16 is 79%, Nϭ17 is 14%, and Nϭ18 is 7%. Figure 4͑b͒ shows the spectrum of the 12f ͑ϭ2, N c ϭ20) Rydberg collection where N c ϭNЈ. Figure 4͑e͒ is the corresponding CD spectrum which shows that the collection is like a Q branch and the measured I OH /I SH ratio is 1.27, just slightly larger than 1.0. So neither Nϭ19 ͑P branch͒ nor Nϭ21 ͑R branch͒ dominates the spectra. But this does not necessarily mean that the Q branch dominates the ensemble because no matter how much a real Q-branch transition is present in the spectra, if the intensities of P branch and R branch are equal, then the ensemble should look like a Q branch. The calculated branch ratios, as shown in Fig. 4͑b͒ , are Nϭ19 is 33%, Nϭ20 is 25%, and Nϭ21 is 42%. For this distribution, the predicted I OH /I SH ratio is 1.1, which is very close to the observed value. Figure 4͑c͒ shows the 12f ͑ϭ2, N c ϭ18) collection where N c ϭNЈϪ2. This time, as shown in the CD spectrum in Fig. 4͑f͒ , the Nϭ21 ͑R branch͒ dominates and the measured I OH /I SH ratio is 3.3. According to Fig. 2 , the Nϭ21 level contributes approximately from 85.6 to 87.4% to the overall intensity of the collection. The branch ratios are calculated to be 4.2% for Nϭ19, 11.5% for Nϭ20, and 84.3% for Nϭ21. This result agrees very well with our observations. Unlike the CD spectra in Fig. 4͑d͒ , we do not explicitly observe two or more peaks in Fig. 4͑f͒ owing to the laser's poor resolving power. Nevertheless, it is obvious that the CD spectra are asymmetric about the highest point. The left side of the ensemble prefers the OH excitation so the Nϭ21 level should be on the left side. The collection has a long tail to the right side with only a slight helicity preference because according to the calculations Nϭ20 is more than two times stronger than Nϭ19.
The other n f ͑ϭ2͒ Rydberg states, categorized into N c ϭNЈϩ2, N c ϭNЈ, and N c ϭNЈϪ2, have similar appearance as the above three Rydberg collections, respectively, except for slightly smaller or larger I OH /I SH ͑or I SH /I OH ) ratios. Therefore, in our OODR-MPI spectra, the n f ͑ϭ2, NϭN c Ϫ3, N c ) Rydberg level is dominant ͑generally Ͼ85%͒ in the N c ϭNЈϩ2 Rydberg collection and the n f ͑ϭ2, N ϭN c ϩ3, N c ) Rydberg level is dominant ͑generally Ͼ85%͒ in the N c ϭNЈϪ2 Rydberg collection. In many cases, the branch ratios of these levels are so large that the corresponding collections can be considered as pure individual levels. This behavior is caused by the excitation scheme and geometry. For N c ϭNЈϮ4, as mentioned previously, only 9 f ͑ϭ2, Nϭ17, N c ϭ20) is found and the transition to it is very weak. Our calculations show transitions connecting to N c ϭNЈϮ4 are strictly forbidden, under the assumption that d character in the A state is the only term permitting transitions to the n f Rydberg states. Therefore, it is not surprising that we can hardly observe the N c ϭNЈϮ4 Rydberg levels. The explanation for the only exception is not well established so far but an argument on a similar phenomenon can be found in Ref. 2 . The ϭ1 n f Rydberg states behave similar to ϭ2 n f Rydberg states in the CD spectra. We find, however, that the I OH /I SH and I SH /I OH ratios are noticeably smaller for the N c ϭNЈϪ2 and N c ϭNЈϩ2 ensembles whereas I OH /I SH ratio is still very close to one for the N c ϭNЈ ensembles. One apparent explanation for this behavior is the lack of purity of the circular polarization of the laser beam for the A-X(1,0) band transitions.
An additional possible explanation is discussed in what follows. Recall that we detect ion yield, whose intensities are not only dependent on the ͑1ϩ1Ј͒ transitions probability via the A state but are also dependent on the competition between vibrational autoionization and predissociation of the Rydberg states. Our calculation does not take into account the autoionization-predissociation competition. The very good agreement between the CD measurements and calculations indicates that, for those n f ͑ϭ2͒ Rydberg states, either the predissociation probabilities ͑no matter large or small͒ are similar for all three N sublevels in an N c collection, or predissociation is so small compared with autoionization that nearly all molecules excited into these Rydberg states decay into NO ϩ ions. This conclusion appears contrary to that reported by Fujii and Morita. 10 They found that the decay process in the 7 f ͑ϭ1͒ state is mainly governed by predissociation, and decay rates from the levels of ⌳ ϩ symmetry ͑corresponding to R-and P-branch transitions in our experiment͒ are much faster than those from the levels of ⌳ Ϫ symmetry ͑corresponding to Q-branch transitions in our experiment͒. Two possible explanations may account for this seeming disagreement. One is that Fujii and Morita studied low N c states (N c р3) whereas we study high N c states (N c у14). Low and high N c states may have different predissociation/autoionization ratios. The other, maybe less significant than previous one, is that different vibrational states could also have different predissociation rates. The n f Rydberg states of ⌳ ϩ symmetry may experience more predissociation in ϭ1 vibrational state than in ϭ2 vibrational state. This behavior could lead to less R-and P-branch likeness for N c ϭNЈϪ2 and N c ϭNЈϩ2 collections in ϭ1 spectra. Reference 32. They gave seven groups of parameters based on different models. We only cite one here. 
C. Multipole interactions and MQDT
As shown above, the CD spectra reveal the rotational fine structure of the n f (,N c ) Rydberg collections. As a very good approximation, we can assign in most cases the N c ϭNЈϮ2 collection in the spectra to an individual Rydberg level NϭN c ϯ3. About 80% of the fitting data are from these two kinds of collections. But owing to the correlations in the fit, they cannot provide good fitting just by themselves. Consequently, we also include some data from the N c ϭNЈ collections into the fitting procedure. The N c ϭNЈ collection comprises three individual Rydberg levels of similar intensity. The full width at half maximum ͑FWHM͒ of the collection is less than 1 cm Ϫ1 commonly, and the multipole interaction model indicates the transition to the NϭN c ϩ1 level is located in the middle of the collection ͓see Fig. 4͑e͔͒ . Hence it is not a bad approximation to assign the maximum of N c ϭNЈ collection to the NϭN c ϩ1 Rydberg level.
With these data, we have the opportunity to go beyond the single-channel quantum defect theory. We use the MQDT method and the multipole interactions to fit the energy levels. This procedure allows us to obtain the quantum defects and the quadrupole moment and polarizability of the NO ion core. This information is generally only available from n f Rydberg states of low principal quantum number 1,5 or by high-resolution laser spectroscopy. 3 We assume that the quantum defects and the multipole moments are different for different vibrational states. Therefore, we fit separately the two vibrational states.
Multipole interaction fit
For the multipole interaction, the total perturbed energy is the combination of the quadrupole and polarization interactions given by Eqs. ͑9͒ and ͑10͒. Because Q zz and ␥ cannot be determined separately by fitting, it is customary to set ␥ equal to a fraction of ␣ 0 . Jungen and Miescher 1 and Biernacki et al. 3, 5 used ␥ϭ␣ 0 /3. But the theoretical calculation by Feher and Martin 28 shows ␥ϭ␣ 0 /2.13. Therefore, we try both possibilities. In the range of the principal quantum numbers considered here, the ion level positions are as important as the multipole parameters. These levels ͑high rotational levels in our experiments͒ could deviate from their real values significantly if evaluated using inaccurate rotational constants. Therefore, the rotational constants are not fixed but are allowed to vary freely in the fitting. The centrifugal distortion is also included in the calculation to improve the accuracy. , is evaluated from the molecular constants given by Huber and Herzberg 29 and the ionization potential of the NO molecule. 3, 30 After fitting, we obtain the multipole parameters and the rotational constants of NO ϩ , which are listed in Table I . If we use ␥ ϭ␣ 0 /2.13, we get Q zz ϭ0.75Ϯ0.21 for ϭ1 and Q zz ϭ0.78 Ϯ0.24 for ϭ2 while ␣ 0 and B remain unchanged for both vibrational states. We use the reduced 2 value to judge the goodness of the fit. 31 Smaller 2 gives a better fit. A rule of thumb is that reduced 2 Ϸ1 indicates a ''moderately'' good fit. The reduced 2 values are always less than 0.7 for both the ϭ2 and ϭ1 data no matter which ␣ 0 /␥ ratio is used. The main reason for such a small reduced 2 is that we use the FWHM as the uncertainty in a measured energy level. Owing to the relatively low resolution of the laser and the overlap of some transitions, the FWHMs, whose magnitude are generally 0.3-0.8 cm Ϫ1 in our experiment, are frequently larger than the rotational fine-structure energy spacings of the sublevels in an n f Rydberg collection. A consequence of this procedure is large confidence intervals for the fitted parameters. The correlation between the coefficients of Q zz and ␣ 0 in our fitting makes the parameters even more uncertain. These are the reasons that the error bars ͑90% confidence interval͒ in this work are larger than those of others in Table  I . Among these four sets of parameters from other researchers, three of them were obtained from fits to low n Rydberg levels. Accordingly, they have smaller uncertainties. The error bars for the last one, which were based on 7 f , 12f , and 15f Rydberg states, as mentioned by authors, are not confidence intervals but estimated from variations between fits. 3 Martin et al. 32 and Eyler, Biernacki, and Colson 3,5 added a core-penetration term to the model. They assumed that the component ͓in Hund's case ͑b͒ coupling͔ of n f Rydberg states would penetrate to some extent into the core. It is necessary to add this term in low Rydberg states. But for high Rydberg states, this term becomes quite small 3 and we find that fitting with it does not alter the quadrupole moment and the polarizability outside of their error bars. Hence, we do not include it in our final results.
From Table I , we can see that our fitting results for ϭ1 data agree very well with that obtained by Biernacki et al. Tables I and II , we find that the rotational constants produced by fits to these two different models not only agree well with each other for both the ϭ1 and ϭ2 states but also are close to their counterparts calculated from molecular constants of the NO ϩ . 29 In Table II , the quantum defects of ϭ1 state obtained by us are slightly different from those given by Raoult et al. 26 This deviation is judged by us to be acceptable when consideration is given to the low resolution of the data. The quantum defects of ϭ2 states are also similar to those of ϭ1 except f , which is significantly larger in the ϭ2 state. The change of f indicates a slightly stronger Rydberg electronion core interaction in the ϭ2 state. This result is consistent with what we find in the multipole interaction fit, i.e., the multipole parameters are bigger in the ϭ2 state than those in the ϭ1 state. Moreover, the f , f ␦ , and f are not found to be significantly changed because the f , f ␦, f partial waves are always far outside the ion core. Consequently, they can hardly feel the core becoming bigger. In contrast, the f partial wave has some chance to be close to the ion core and therefore is more sensitive to the change of the size of the ion core.
MQDT fit
In Tables III and IV , we give the energy positions of 37f Rydberg levels in ϭ1 and 82 levels in ϭ2, respectively. We also list the residuals between the experimental data and the positions simulated by MQDT and the multipole interaction model with the fitted parameters. Looking at these two tables, we find that MQDT and multipole interaction simulations are quite similar. They have similar residuals relative to the measured energy levels. Recall that the multipole interaction model only considers the first-order energy correction arising from quadrupole and polarization interactions whereas the MQDT takes into account their higher-order corrections and also the energy correction arising from perturbations other than quadrupole and polarization interactions. Hence, we conclude that the first-order correction arising from quadrupole and polarization interaction is already sufficient and the presence of other possible perturbations is negligible, given the poor resolving power of our laser sources.
V. SUMMARY AND CONCLUSIONS
In this study, we have successfully explained n f Rydberg spectra observed by OODR-MRI method. CD measurement proves to be a useful technique to identify P, Q, and R branch members and to resolve blended lines comprising different branch members. The good agreement between the CD measurement in ϭ2 spectra and the calculations on relative line intensity indicates that the d character is the major term in A state to permit transitions to n f Rydberg states. It also indicates that the predissociation is either much slower than autoionization or comparable between ⌳ ϩ n f Rydberg states and ⌳ Ϫ n f Rydberg state. This behavior is different from that of n f Rydberg states with low rotational quantum number and also slightly different from that of ϭ1 n f Rydberg states whose CD measurements, in some cases, agree less with the calculations. The goodness of the fits obtained by using multipole interaction and by MQDT and the close agreement and consistency between them indicate that the quadrupole and polarization interactions are the dominant perturbations between the n f Rydberg electron and the ion core in NO.
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